Geogrids have been increasingly used as soil improvement technique over the past decade. This increasing trend is attributed to its ease of application and low cost compared to other improvement techniques. This paper provides a review of the published results related to the ultimate and allowable bearing capacities of shallow foundations on geo-grid-reinforced homogeneous sand soil. A numerical analysis is also conducted to investigate soil-geogrid interaction considering several critical parameters that affect the overall behavior of geogrid-reinforced soil. The critical parameters such as the width and length of geogrid layers, spacing between the reinforcement layers, and the depth of reinforcement and geosynthetic stiffness have been investigated.
Introduction
There are several geogrid-reinforcement techniques that gained wide popularity in the recent years for its proven performance, ease of installation and low cost compared with other improvement techniques. Mechanically stabilized earth technology for example is now well established in the heavy construction industry as a reliable method in the construction of structures such as retaining walls, embankments over soft soil, and steep slopes.
The first systematic study using mechanically stabilized earth to improve the bearing capacity of shallow foundations was reported by Binquet and Lee [1, 2] . In their study, laboratory model tests were used to develop bearing capacity relationships for a strip foundation supported by sand reinforced with metallic strips (aluminum foil).
Since the original work by Binquet and Lee, several laboratory model test studies have been published relating to the improvement of the load-bearing capacity of shallow foundations supported by sand reinforced with various materials such as geogrids [3, 4] , geotextiles [5] , rope fibers [6] , metal strips and metal bars [7] [8] [9] [10] [11] [12] .
Over the last decade, the use of geogrids for soil reinforcement has increased greatly, primarily because geogrids are dimensionally stable and combine features such as high tensile modulus (low strain at high load), open grid structure, positive shear connection characteristics, light weight, and long service life. This paper summarizes the important results of the existing studies on the load-bearing capacity of shallow foundations on geogrid-reinforced soil. Most of the results presently available have been obtained primarily from small-scale laboratory model tests. Moreover, a numerical study is conducted and results are presented in this paper. The numerical study shows some fundamental aspects of the behaviour of the geogrid reinforced sand. Different parameters that affect the behaviour of the geogrid reinforced sand is discussed.
Failure mechanisms in geogrid reinforced soil at ultimate load
Several researchers have studied the different geometrical parameters effect on the behaviour of the reinforced soils in a non-dimensional form (Figure 1a ). These parameters are the following: a) location of the top layer of reinforcement measured from the bottom of the foundation, u; b) the depth of reinforcement, d
where N is the number of reinforcement layers and h is the vertical distance between two consecutive reinforcement layers; c) width of each reinforcement layer, b; and d) length of each reinforcement layer, l. The enhancement in bearing capacity due to soil reinforcement is generally expressed in terms of a non-dimensional parameter called bearing capacity ratio, BCR. The bearing capacity ratio can be expressed either in the form of ultimate bearing capacity or allowable bearing capacity at a given settlement level of the foundation [13] . Figure 1b shows typical load-settlement curves of a foundation over soil with and with-out reinforcement. Based on this concept, the bearing capacity ratio can be defined as, Binquet and Lee [1, 2] studied the bearing capacity of shallow foundations resting on reinforced earth. Based on this study, Binquet and Lee proposed failure mechanisms for geogrid-reinforced soils depending on the depth of the reinforcement and number of reinforcement layers as shown in Figs. 2a, 2b , and 2c.
The nature of failure in the soil mass shown in Fig.2a generally occurs when the first layer of reinforcement is located at a depth, u, greater than about 0.67B (B = width of the foundation). The reinforcement may act in this arrangement as a rough rigid base located at a limited depth. The type of failure shown in Fig. 2b could occur if u/B is less than about 0.67 and the number of layers of reinforcement, N, is less than about 2-3. In this type of failure, reinforcement pull-out occurs. According to this study, the most beneficial effect of reinforced earth is obtained when u/B is less than about 0.67 and the number of reinforcement layers is greater than 4 but not more than 6-7 (Fig. 2c) .
Based on the theory advanced by Binquet and Lee [2] , Fig. 3 shows an idealized condition for the development of the failure surface in soil for the condition shown in Fig.  2c . It consists of a central zone-Zone I-immediately below the foundation that settles along with the foundation with the application of load. On each side of Zone I, the soil is pushed outward and upward-WKLV LV =RQH ,, 7KH SRLQWV $ƍ $ƍƍ $ƍƍƍ DQG %ƍ %ƍƍ %ƍƍƍ define the limiting lines between Zones I and II, can be obtained by considering the shear VWUHVV GLVWULEXWLRQ Ĳxz LQ WKH VRLO FDXVHG E\ WKH IRXQGDWLRQ ORDG 7KH WHUP Ĳxz refers to the shear stress developed at a depth d below the foundation at a distance x measured from the centre OLQH RI WKH IRXQGDWLRQ 7KH QDWXUH RI YDULDWLRQ RI Ĳxz at any given depth z is shown by the broken lines in Fig. 3 3RLQWV $ƍ DQG %ƍ UHIHU WR WKH SRLQWV DW ZKLFK WKH YDOXH RI Ĳxz is maximum at z = z1 6LPLODUO\ $ƍƍ DQG %ƍƍ UHIHU WR WKH SRLQWV DW ZKLFK WKH YDOXH RI Ĳxz is maximum at z = z2. The disWDQFH DW ZKLFK WKH PD[LPXP YDOXH RI Ĳxz occurs can be given as x = Xo.
It can be expected that failure in soil reinforced with geo-textile or geogrid layers will be, in general, similar to that described by Binquet and Lee [2] for the case of metal strip reinforcement. However, the magnitude of the ultimate bearing capacity and the allowable bearing capacity for a given level of settlement (and thus BCRu and BCRs) will be a function of several factors, such as, so that the open areas of the grids are greater than 50% of the total area. Due to their high tensile stiffness, these geogrids develop reinforcing strength at strain levels as low as 2%. o . Omar conducted parametric study varying the following parameters, number of geogrid layers N, the depth of first geogrid layer u, the width of the geogrid layer b, and the vertical distance between two consecutive reinforcement layers, h. [18] showed that (u/B)cr is approximately 0.25. Miyazaki and Hirokawa [19] also observed a similar value of (u/B)cr for the case of N = 1 (that is, single layer of geogrid reinforcement). Figure 6 shows a relationship between the normalized width of the geogrid reinforcement versus the bearing capacity ratio BCRu. The figure suggests that the bearing capacity increases with geogrid width increase until a critical value Omar et al. [20] suggested the following empirical relationships for nondimensional parameters of the geo-grid-reinforced soil based on results of laboratory model shown earlier, 
Laboratory experiments on geogrid reinforced soil

Variation of number of geogrid layers, N
Variation of b/B and l/B
Relative Stiffness of Geogrids
It was noted earlier in this paper that the relative stiffness of the geogrid reinforcement may contribute to the magnitude of BCRu. This will be more noticeable in the case of smallscale laboratory model tests. Guido et al. [5] tested two types of geogrids with different tensile stiffness. The results of bearing capacity ratio BCRu versus the normalized width of the geogrid is shown in Figure 7 . The results shows a limited increase in bearing capacity with increasing the tensile stiffness of the geogrid. The tensile strength of the geogrids used for Guido et al. [5] tests shown in Fig. 7 were as follows: 
Bearing capacity for limited settlement
Shallow foundations are often designed for limited settlement levels and, hence, the magnitude of BCRu become meaningless for B > about 1 m. Therefore, it is necessary to determine the bearing capacity ratio at various levels of settlement. The non-dimensional quantity BCRs defined by Eq. 2 will be used to define the bearing capacity at specific settlement (s). Omar et al. [22] and Khing et al. [13] conducted limited model studies to determine the relationship between BCRu and BCRs for strip and square model foundations supported by geogrid-reinforced sand. Figure 9 shows the variation of BCRu and BCRs with d/B (for s/su = 0.25, 0.5, and 0.75). It is important to note that su is the settlement of the foundation at ultimate load when supported by unreinforced sand (also see Fig.1 ). Based on the plots shown in Fig. 9 , the following general observations can be made:
a. For a given foundation on geogrid reinforced soil the magnitude of BCRu is higher than that of BCRs at s/su less than or equal to 0.75. b. The ratio between the ultimate bearing capacity ratio (BCRu) and bearing capacity ratio at specific settlement (BCRs) is about 0.56 for strip foundation. c. The BCRs magnitude decreases with decrease of the value of the settlement (s).
Numerical study
A series of two-dimensional finite element analyses (FEA) of footing resting on geogrid reinforced soil is performed in order to understand the behavior trends of foundations on geogrid reinforced soils. The analysis is performed using the finite element program Plaxis software package (version 2016, 2016) .
The geometry of the numerical model was assumed to be 10 times the laboratory model in Omar et al., [22] (the footing width B = 0.76m and thickness, t = 0.2 m, soil height (sand layer and soft clay layer) is assumed to be 10B. The software generates the numerical mesh automatically with fifteen node triangle plane strain elements for the soil, and five node beam elements for the footing while five node elastic elements are used for the geogrid elements. 
Finite element model
Hardening soil model available in Plaxis was used to simulate the nonlinear behavior of the sand. Hardening soil model is hyperbolic stress-strain model with limiting states similar to that of Mohr-Coulomb by means of the friction angle Ҁ, cohesion c and the dilatancy angle ȥ. However, soil stiffness is stress dependent by using three different input stiffness: the triaxial stiffness E50, the triaxial unloading stiffness Eur and the oedometer loading tangent stiffness Eoed. The foundation was treated as elastic beam elements based with flexural rigidity (EI) and normal stiffness (EA). The interaction between the geogrid and soil is modeled at both sides by means of interface elements, which allow for the specification of a reduced friction compared to assumed friction of the soil. A refined mesh was adopted to minimize the effect of mesh dependency on the finite element modeling of cases involving changes in the number, length, and the location of geogrid layers. In the finite element modeling, the initial stress condition of the slope was established first by applying the gravity force due to soil. A prescribed footing load (beyond the footing ultimate stress) is applied in increments accompanied by iterative analysis up to failure (the iterations stop when failure is reached). The modeled boundary conditions were assumed such that the vertical boundaries are free vertically and constrained horizontally while the bottom horizontal boundary is fully fixed. The general model for the footing on reinforced soil mass, generated mesh, and the boundary conditions are shown in Fig. 10 . The model shows the general dimensions of the numerical model with b, d, u, and h is as defined in Fig. 1 . The width of the strip footing is assumed to be 0.76 m while the dimensions and number of layers for the geogrid elements are changed to examine the effect of the geogrid configurations on the footing behavior. The hardening soil constitutive parameters are assumed for a dense soil similar to the laboratory testing conducted by Omar et al. [22] , As mentioned earlier, Omar et al. used sand with following properties: dry unit weight of 17.14 kN/m 3 , 70% relative density and an average peak friction angle of 41 o . The dilating angle ȥ was assumed to be 10 o and the rest of the soil parameters are shown in Table 1 . 
Results and discussion
All the parameters of a control case is tabulated in Table 1 . A drained condition is used for all the numerical models. A parametric study was conducted to investigate the effect of different parameters on the bearing capacity of geogrid reinforced soil. For most numerical models, only one parameter is changed and plotted in the x-axis.
Bearing capacity behavior of unreinforced sand
A numerical model similar to the numerical model introduced in Fig 10 with no geogrid elements was developed as a control model. The numerical model mesh was generated automatically, though Plaxis automatic mesh scheme, with the same mesh size used for reinforced sand models. A hardening constitutive model with the same properties introduced in Table 1 
Effect of number of geogrid reinforcement layers, N
Two series of numerical studies were conducted in order to study the effect of varying the number of geogrid layers on the bearing capacity of strip footing on geogrid-reinforced soil.
In the first study, the control model properties and geometry was used changing only the number of the geogrid with u/B = h/B = 0.5; b/B = 4. Figure 12 shows results of load per unit area versus settlement expressed as S/B ratio of surface numerical model strip foundations (Df = 0) on geogrid-reinforced sand with the following geometrical features u/B = h/B = 0.5; b/B = 4. The effect of increasing number of geogrid layers on the bearing capacity of the geogrid reinforced soils is clearly shown in Figure 12 . The increase in the number of geogrid layers results in an increase in the bearing capacity and slight increase in the overall stiffness of the reinforced-sand. Figure 13 shows that the ultimate bearing capacity ratio (BCRu) for the soil increases with the number of grid layers, N. The BCRu reaches value of 6 when the number of geogrid layers reaches seven layers. Which means that numerical model predicts a significant increase in ultimate bearing capacity of geogrid reinforced soil with the increase of number of geogrid layers. Figure 13 shows also a relationship of the BCRs at a settlement ratio (S/B%) about 3.3% corresponding to a settlement of about 2.5 cm versus the increase in the number of the geogrid layers. The figure shows that the value of the BCRs reached a value of approximately 1.5 for seven layers of geogrid reinforcement compared to a value of 6 for BCRu for the same number of geogrid layers. This value is much less than values reported in the literature for BCRs. Omar et al., [22] reported values of BCRs up to about 2.5 for S/Su=25%. Moreover, the increase in the number of geogrid layers does not have a significant effect on the BCRs. This is attributed to the fact that the calculated load per unit area versus settlement for reinforced soils did not show a significant increase in stiffness compared to unreinforced soils especially at low settlement. The tangent modulus of the reinforced soil did not significantly improve with the soil reinforcement. This is why the calculated BCRs did not show significant increase with the increase in the number of the reinforcement layers. This does not agree with laboratory results reported by Omar et al., [22] . This is may be attributed to that numerical model did not capture the effect of pre-tention effect in the geogrid layers during compaction. 
Effect of constitutive model on the behavior of geogrid-reinforced soil
The effect of the constitutive model on the calculated behavior of the geogridreinforcement soil numerical model was investigated. For this study a parametric study was conducted using control model with the same geometry and properties shown in Fig.10 changing only the constitutive model from hardening model to the conventional MohrCoulomb model. The Mohr-Coulomb constitutive model is elastic perfectly plastic model compared while the hardening model is nonlinear model. The Mohr-Columb model was used with the same properties similar to the base model with elastic modulus of 40 000 kN/m2 with a friction angle of 41 o and a dilatancy angle of 10 o . In the parametric study, the number of geogrid layers was changed while keeping the rest of the parameters constant. Figure 13 shows that for a soil modeled as Mohr-Coulomb model the increase in number geogrid layers the calculated BCR did not show any significant increase with the increase of the number of Geogrid layers. 
Effect of the geogrid stiffness on the bearing capacity of the geogridreinforced soil
A study was conducted to investigate the effect of the geogrid stiffness on the behavior of the geogrid-reinforced soil. In this study, control model was used with the following properties u/B = 0.5; b/B = 4 with only one layer of reinforcement. The modulus of the geogrid EA was changed keeping all the other factors constant. A relationship was plotted between the geogrid modulus EA and BCRu shown in Figure 14 . Figure 14 shows that increasing the geogrid modulus one order of magnitude increased the BCRu from 1.07 to 1.62. However, increasing the stiffness one more order of magnitude did not significantly increase the BCRu. 
Effect of the geogrid width (b) on the bearing capacity of the geogridreinforced soil
A study was conducted to investigate the effect of the geogrid width on the behavior of the geogrid-reinforced soil. In this study, control model was used with the following properties u/B = h/B= 0.5; b/B = 4, N=7 with seven layers of reinforcement. The width of the reinforcement was changed while keeping the rest of the parameters constant. Figure 15 shows a relationship between the BCRu with the geogrid width. In the figure, the BCRu increases with the increase of the geogrid width until the width reaches a value of about 3B the increase in width become insignificant in terms of bearing capacity increase. 
Conclusions and future work
The bearing capacity behavior of strip footing on geogrid reinforced soil was investigated. The effect of geogrid reinforcement on the sand bearing capacity was investigated numerically. Based on the results of the investigation the following conclusions can be drawn: 1-A significant increase in soil bearing capacity with geogrid reinforcement in the soil was shown experimentally and numerically. 2-Hardening non-linear constitutive model is suitable to capture the main characteristics of the geogrid reinforced soils. However, Mohr-Columb is not a suitable constitutive model to capture the main characteristics for geogridreinforced soil. 3-The numerical model was not able to capture the behavior of the geogrid-reinforced soil at low settlement. 4-An agreement between the experimental and numerical results on the general trend of critical parameters on the geogrid-reinforced soil bearing capacity. In all cases, BCRs calculated from the numerical analysis appears to be smaller than obtained from the experimental results.
